We report a new peptidyl boronic acid-based fluorescent probe with an aggregation-induced emission (AIE) characteristic. Through specific recognition between the boronic acid group and the cancerassociated sialic acid (SA), this fluorescent probe shows an ability for targeted labelling and imaging of cancer cells.
The over-expression of specic cell-surface carbohydrates is associated with the development and progression of many cancers, and their changes have been demonstrated to affect the ability of cancer cells to grow, divide and metastasize. [1] [2] [3] [4] [5] Among the diverse structures of carbohydrates, sialic acid (SA) is a representative that is over-expressed in ovarian, pancreatic, breast and hepatic cancers. 2, 3, 6, 7 The development of sensors to rapidly detect cancer-associated SA is of great importance for cancer diagnosis or biomarker-mediated delivery of therapeutic agents. In the past decades, biomolecules such as antibodies and natural lectins have been used to detect carbohydrates with high affinity and selectivity. [8] [9] [10] [11] However, their application in cancer diagnosis and therapy is much restricted due to the difficulty in synthesis, high cost, poor stability and immunogenicity. 12, 13 Arising from the unique capacity of boronic acids to form boronic esters reversibly with the 1,2 and 1,3 cis-diols presenting on many carbohydrates, boronic acid-based uorescent sensors are widely proposed for carbohydrate detection, [14] [15] [16] [17] [18] with the advantages of easy synthesis, exibility in molecular design and inherent stability toward rigorous use. [19] [20] [21] [22] However, in most cases, the high uorescence background and severe emission self-quenching are the key bottlenecks for their widespread applications.
Aggregation-induced emission (AIE) is a unique photophysical phenomenon that has been widely employed for applications in chemical sensors, biological imaging and optoelectronic devices. [23] [24] [25] [26] [27] Propeller-shaped uorophores, such as tetraphenylethene (TPE), are non-emissive when they are well dissolved in solution but become highly uorescent in aggregation state. 23, 25 For example, Liu et al. recently reported that boronic acid-modied TPE can use its AIE characteristic to selectively detect D-glucose with improved performances. 28 Inspired by the unique photo-physical characteristic of AIE, in this communication, we report a new TPE-tagged peptidyl boronic acid (TPBA) with AIE characteristic for targeted recognizing cancer-associated SA and imaging cancer cells. As shown in Fig. 1A , we designed and prepared three TPBAs with different peptide sequences. These probes show extremely low uorescence when molecularly dissolved in solution but turn highly uorescent in aggregation state resulting from the binding between boronic acid group and the cell-surface SA (Fig. 1B) . Through examining structure-selectivity relationship using the uorescence spectroscopy (uorescence intensity change TPBAs upon the addition of SA and other carbohydrates), 13, 20, 29, 30 we demonstrate that TPBA1 with a peptide sequence of GKGKGKK can recognize SA with high specicity, and thus shows high selectivity to targeted label and image cancer cells.
Starting from the protected amino acids, three peptidyl boronic acids were prepared by standard solid-phase peptide synthesis (SPPS). Aer conjugation with azide-terminated TPE (TPE-N 3 ) via "click" chemistry, the resulting TPBAs were obtained ( Fig. S1 -S4, ESI †) and puried by high-performance liquid chromatography (HPLC). We rst evaluated the AIE characteristics of the TPBAs in aqueous solution by dispersing the DMSO solution of TPBAs into distilled water. As shown in Fig. 2A and B , TPE-N 3 shows strong uorescence at a concentration of 1 mM, due to the aggregation in the aqueous solution ( Fig. 2C ). In contrast, the uorescence intensity of TPBAs is more than 8-fold weaker than that of TPE-N 3 even at a concentration of 5 mM. Notably, the observed uorescence in Fig. 2B is attributed to slight aggregation and self-assembly of TPBAs into nanobers ( Fig. 2D and E). The similar phenomenon is also found in our previous peptidyl boronic acid-based systems. 31, 32 Herein, because the self-assembly of peptides and their derivatives is built on the hydrophilic-hydrophobic balance, 33-37 the binding with hydrophilic carbohydrates such as SA can destroy this balance, and induce the disassembly of TPBAs and the subsequent uorescence decay. More importantly, this uorescence change upon the addition of carbohydrates can used to examine the selectivity of TPBAs over different carbohydrates (Fig. 3A ). As shown in Fig. 3B , the addition of SA indeed leads to the decrease in the uorescence intensity of TPBA1 and other two TPBAs ( Fig. S5 -S7, ESI †). As expected, with the binding with SA to increase the hydrophilicity of the whole self-assembly system, there is no observable nanobers in the solution (Fig. 3C ). We also examined the uorescence change of TPBAs upon the addition of galactose, glucose and mannose (Fig. S5 , ESI †). The maximum uorescence intensity change prole is shown in Fig. 3D . The TPBAs show various uorescence intensity changes upon the addition of different carbohydrates, indicating different binding affinities. TPBA2 shows strong binding affinities with the all the added carbohydrates, but there is no selectivity over the different carbohydrates. TPBA3 presents a strong binding affinity and good selectivity over mannose, but not cancer-associated SA. Compared with other two TPBAs, TPBA1 shows a strong binding affinity and high selectivity over SA. Herein, due to the presence of amino group (-NH 2 ) in TPBA1 and carboxylic acid group (-COOH) in SA, we further examined whether electrostatic interaction between them contributes to the high selectivity of TPBA1 over SA. Commercial available galacturonic acid (Fig. 3A) , a derivative of galactose with -COOH, was added to the TPBA1 aqueous solution and the uorescence intensity change was monitored. As shown in Fig. 3D, TPBA1 shows a much weaker binding affinity with galacturonic acid compared to SA. This result suggests that the specic recognition between the boronic acid group and the 1,2 cis-diol structure is the main driving force for the high selectivity of TPBA1 over SA. Assuming the formation of a 1 : 1 complex, 38 the association constant (K a ) between TPBA1 and SA can be calculated as $327.8 M À1 (Fig. 3E) .
Aer screening the uorescent probe (TPBA1) with strong binding affinity and high selectivity over SA, we chose human hepatic cancer cells (HepG2) to evaluate its ability to targeted label and image cancer cells. The expression of SA on HepG2 cells was examined by using SA-specic uorescein 5(6)-isothiocyanate (FITC)-labelled lectin. 39 As shown in Fig. 4A , the bright green uorescence corresponds to the high expression of SA on the membrane. In contrast, the SA is lowly expressed on the normal liver tissue cells (AML-12, Fig. 4B ). The results of ow cytometry analysis ( Fig. 4C and D) show that the expression of SA on HepG2 cells is around 6-fold higher than that of AML-12 cells. Aer the determination of the over-expression of SA on HepG2 cells, TPBA1 was incubated with the cells to evaluate its ability to use AIE characteristic for uorescent imaging of cancer cells. To avoid the inuence of self-assembled nano-bers (Fig. 3D ) on the cell imaging, the TPBA1 solution (5 mM) was ltered by using 100 nm lter membrane and then incubated with the HepG2 cells. Fig. 4E -G show the confocal laser scanning microscopy (CLSM) images of the cells incubated with TPBA1 for different time intervals. Aer incubating with TPBA1 for 2 min, besides few of internalized molecules, most of the TPBA1 molecules are bound on the cell surface to form a uniform ring-shaped uorescence pattern (Fig. 4E) . Increasing the incubation time to 5 min, the cellular uorescence is enhanced and the vast majority of TPBA1 molecules still remain on the cell surface ( Fig. 4F ). However, aer incubation for 10 min, most of TPBA1 molecules have been internalized to form clusters with bright uorescence. Further elongating the incubation time to 15 or 30 min does not change the distribution pattern of TPBA1 molecules (Fig. S8 , ESI †). All these results suggest that the cell surface SA plays an important role to transport the TPBA1 molecules bound on cell surface. To demonstrate this statement, the HepG2 cells were rst xed with 4% formaldehyde and then incubated with the TPBA1 for 10 min. As shown in Fig. 4H , almost all the TPBA1 molecules are bound on the cell surface. In addition, without the aid of SA to transport the TPBA1 molecules, the uorescence intensity is much lower than that of unxed cells (Fig. 4K and L) . Our ndings agree with the previous reports that sialylated moieties are organized on the cell membrane and reside in the intracellular organelles along the exocytotic and endocytic pathways. [39] [40] [41] To demonstrate that the labelling and imaging of the cancer cells is built on the aggregation of TPBA1 resulting from specic recognition between the SA and boronic group, TPBA1 was incubated with HepG2 cells that are pre-treated by lectin. As exhibited in Fig. 4I , due to the blocking of SA by lectin, only a minority of TPBA1 molecules can be untaken and the intracellular uorescence intensity is more than 3-fold weaker than that of the cells without lectin treatment ( Fig. 4K and L) . If replacing the HepG2 cells with AML-12 cells with low SA expression ( Fig. 4J) , due to the absence of specic recognition between SA and boronic acid group, very weak uorescence can be observed and there is no signicant difference with the lectin pre-treated HepG2 cells ( Fig. 4K and L) . All these results strongly demonstrate that TPBA1 can specically label and image cancer cells and this ability is built on the specic recognition between cell-surface SA and the boronic acid.
In conclusion, we have designed and prepared three TPEtagged peptidyl boronic acids (TPBAs1-3) with AIE characteristics. Due to the high selectivity over cancer-associated SA via the specic recognition between SA and boronic acid group, TPBA1 shows the ability to targeted label and image cancer cells.
